Abstract-A circular slotted elliptical patch antenna with an elliptical notch in ground for L-band and S-band application is presented. The proposed antenna consists of an elliptical patch with a circular notch on the top layer of a substrate, and a wide elliptical slot and an elliptical notch with two symmetrical slots on the bottom layer of the same substrate. The proposed antenna was fabricated on an FR-4 substrate (tan(δ)= 0.02,ε r = 4.3) with the thickness of 1.6 mm, and it was excited by coaxial feed joined with microstrip line through via. The proposed antenna exhibited the bandwidth of 102.58% from 1.32 GHz to 4.1 Hz for |S 11 | < −10 dB. Surface current distribution and radiation pattern at resonating frequencies 1.71, 2.28, 3.03 and 3.84 GHz were analyzed. Evolution of the antenna and effect of parameters were also studied to know the behavior of the antenna.
INTRODUCTION
Printed slot antennas are becoming popular in modern wireless communication due to their attractive features such as cheap manufacturing, small volume, reasonable gain, easy integration with microwave circuitry and active devices [1] . The limitation of a narrow slot antenna is narrow impedance bandwidth [2] . This limitation is eliminated by using wide slot and multi-slot antennas. Slots produce new edges of the fringing fields and alter the resonance frequency of the fundamental mode (T M 10 or T M 01 ) and other higher order mode (T M 12 , T M 20 ) or generate new resonance frequency near fundamental mode [3] [4] [5] . Wide slot antennas offer a large number of resonating modes, and using proper tuning element these modes are overlapped and broadband operations realized [6] . The impedance bandwidth of a wide-slot antenna depends on the shape of the slot and the feed line structure. Some reported wide-slot shapes are triangular [7] , rectangular [8] , rhombus [9] , elliptical [10] , U [11] , hexagonal [12] and octagonal [13] . The shape of the patch also alters mutual coupling and impedance matching of the antenna. In [14] , A-shaped antenna was proposed that covered a bandwidth from 2.9 GHz to 11.5 GHz. Some other reported shapes of the patch with wide slot are circle [15] square [16] and deformed hexagon [17] . In this communication, we present a circularly slotted elliptical patch antenna with an elliptical notch in ground for L-band and S-band application, and the proposed antenna is investigated numerically and experimentally. Initially, the elliptical notch and circular notch are incorporated on the ground and patch, respectively. Further, two symmetrical slots are placed on corners of the ground plane to enhance the performance of the antenna. The proposed antenna covers the bandwidth of 102.58% from 1.32 GHz to 4.1 Hz. This antenna shows a bidirectional pattern in E-plane and omnidirectional pattern in H-plane. In addition, simulated current distributions with the evolution of antenna are also discussed, and the parametric study is carried out to observe the behavior of the antenna.
ANTENNA GEOMETRY
Geometry and dimension of the proposed antenna are displayed in Figure 1 . The proposed structure is placed on x-y plane and symmetric about a longitudinal axis. Elliptical patch (R p1 (semi-major axis radius) and R p2 (semi-minor axis)) with a circular notch (R p3 ) and 50 Ω microstrip line (M pl (length of feed line) and M wp (width of feed line)) are printed on the top layer of a fiberglass polymer resin (FR4) substrate with a thickness (h) = 1.6 mm, dielectric constant (ε r ) = 4.3, and loss tangent (tan δ) = 0.02. On the bottom side of the substrate, one elliptical wide slot (R g3 ) with the eccentricity of 0.97 and another elliptical notch (R g1 (semi-minor axis) R g2 (semi-major axis radius)) are incorporated. Elliptical notch on the ground plane is the key element that improves the impedance matching of the antenna. Further two symmetrical parasitic slots (L g1 and W g1 ) are employed on the corners of the ground plane. The proposed structure is energized by coaxial feed connected with a microstrip line through via. The overall volume of the antenna is (70 × 50 × 1.6) mm 3 . Optimized dimensions of proposed antenna are listed in Table 1 . 
RESULT AND DISCUSSION
A prototype of proposed antenna is depicted in Figure 2 . Figure 3 exhibits the comparison between measured and simulated return losses against frequency. Initially, the reflection coefficient of the proposed antenna is investigated numerically from 1 GHz to 6 GHz, and further return loss is measured using VNA (vector network analyzer). The proposed antenna covers the bandwidth of 102.58% from 1.32 GHz to 4.1 GHz for |S 11 | < −10 dB. The other resonating band is observed from 5.58 GHz to 6 GHz. A small error of 6.91% is found between simulated (1.266 GHz) and measured (1.32 GHz) lower cutoff Comparison of simulated and measured real part of the input impedance.
Figure 5.
Comparison of simulated and measured imaginary part of the input impedance.
frequencies. The difference between simulated and measured return losses is because of fabrication error, SMA connector, and ground plane effect.
Comparison between real (simulated and measured) parts of the input impedance is illustrated in Figure 4 . It is clear from the figure that real (measured) part varies between 36 Ω and 90 Ω in the entire frequency band. A variation of the imaginary part of the input impedance is depicted in Figure 5 . Simulated imaginary part oscillates around 0 Ω while measured imaginary part varies between 35 Ω and −5 Ω.
The difference between measured and simulated impedances (Figures 4 and 5 ) is due to ground plane effect losses through connector and fabrication error. The current distributions at lower cutoff frequency and resonating frequencies are displayed in Figure 6 . It is exhibited from the figure that the lower cutoff frequency is generated because of edges of the ground plane. Lower cutoff frequency f l is calculated by following equations.
Figure 6. Surface current distribution at the lower cut-off frequency and resonating frequencies.
where L o is distance shown in Figure 6 . Calculated, simulated and measured lower cutoff frequencies are 1.35 GHz, 1.266 GHz and 1.32 GHz, respectively. A small error of 2.22% between calculated and measured lower cutoff frequency is found. At fundamental frequency f 1 = 1.71 GHz, one half wave variation of the current vectors is found along the wide slot. The fundamental frequency is produced by wide slot, and this frequency is calculated by the resonance frequency equation of circular patch [18] .
where a is the radius of circular wide slot, h the thickness of substrate, a eff the effective radius, v 0 the speed of light, and ε r the permittivity the substrate. At the second resonating frequency, current pattern along the edge of the ground plane is changed, and this frequency is calculated by the following equation.
The third resonating frequency is produced by an elliptical patch. At this frequency, one half variation of current is found along the elliptical patch, and resonating frequency f 3 is calculated by given equations [19] . 
At the fourth resonating frequency, two half-wave variations of current along the wide slot are found. The fourth resonating frequency is the second harmonic of the fundamental frequency. It is also observed that current patterns are symmetrical about the y-axis. The radiation patterns of the proposed antenna at resonating frequencies 1.71, 2.28, 3.03 and 3.84 GHz are depicted in Figure 7 . At E-plane, bidirectional pattern is found. Measured results in E-plane differ from simulated ones because of radiation from coaxial cable at lower frequencies and fabrication error. In H plane, omni and quasi-omnidirectional patterns are found at all resonating frequencies. Omni-directionality is lost in frequency 3.84 GHz because of higher order modes. Table 2 exhibits the value of simulated and measured gains and simulated radiation efficiency at resonating frequencies. 
EVOLUTION OF ANTENNA AND PARAMETRIC STUDY
Comparison of frequency responses of antenna 1, antenna 2, antenna 3 and antenna 4 is shown in Figure 9 . Antenna 1 resonates in two frequency bands, and to improve the bandwidth of antenna 1, elliptical notch is incorporated on the periphery of the wide slot. This notch performs two functions, i.e., introducing capacitive effect and tuning of modes. Further, one circular notch is employed on the patch. This circular notch improves the performance of antenna 2. In addition, two symmetrical slots are created to lower VSWR and increase the return loss in the resonating band. Antenna 3 and antenna Figure 8 . Initially, an elliptical patch with a partial wide elliptical slot on the ground plane is employed. Further, to improve the bandwidth of antenna one elliptical notch is embedded on the periphery of the wide slot. In addition, one circular notch is created on the periphery of the patch. Finally, two symmetrical parasitic slots are incorporated on the corner of the ground plane. The impact of R g1 on return loss characteristics of the proposed antenna is shown in Figure 10 . R g1 is altered from 2.6 mm to 6.6 mm. Higher cutoff frequency and first resonating frequency are shifted right with increasing the limit of R g1 . Maximum return loss of −52 dB is obtained for R g1 = 6.6 mm while maximum bandwidth is found for R g1 = 5.6 mm. Figure 11 exhibits the impact of R g2 on the frequency response of the proposed antenna.
It is clearly shown in Figure 11 that the impedance bandwidth is independent of R g2 while return loss is affected at different resonating frequencies. By increasing the value of R g2 , the first resonance frequency f 1 deviates to the right side while second resonance frequency f 2 is moved to the left side, and it disappears at R g2 = 12 mm. The third resonance frequency f 3 deviates to the left side, and the fourth resonating frequency f 4 is stable with increasing the value of R g2 . The dimension of R g2 is changed from 9 mm to 12 mm. Impact of R g3 on the frequency response of the antenna is illustrated in Figure 12 . The value of R g3 is varied from 20 mm to 24 mm. It is clear from Figure 12 that by increasing the value of R g3 the impedance bandwidth of the proposed antenna is improved and return loss in enhanced in a lower frequency band.
CONCLUSION
A circularly slotted elliptical patch antenna with an elliptical notch in ground for L-band and S-band application is investigated. This antenna covers the bandwidth of 102.58% from 1.32 GHz to 4.1 GHz for |S 11 | < −10 dB, and it also covers the bandwidth from 5.58 GHz to 6 GHz. A small error of 6.91% is found at lower cutoff frequency (simulated and measured). The current distributions of resonating frequencies (1.71, 2.28, 3.03 and 3.84 GHz) and lower cutoff frequency are studied. Far-field pattern is omnidirectional and bidirectional at all frequencies, and the small difference is found between the simulated and measured radiation patterns. Evolution of the antenna and effect of parameters are also studied.
